3. AVERAGE (¢aAE HILD-UP MELSTUREMENTS

For a fwa-pliaze systen, the average ges hold-up 1s defined us the
volume perecaat of pas in tte dispersion. A knowledpe of the pas hold-up 1a
necessary Ter reactor design, sines it allows the astimation of the
rosidence —ime of the gas In the reactor. The gas hold-up, together with
the Szuter mean diateter, &lso determines the specifie interfacizl area
evailable in —he dispezsion for mass transfer. Experiménts weTe conduacted
with the FT-300 - nitrogen systed in the two bubble columns (0.051 and
0.22% m IDY to measure the average gas hald-up. The effects of the warious
asperatizg and dosign paramaﬁers on th; gas held-up were Investipated. A
limited numbher of expériments wers also conduetsd with FT-200 wax, Sasol's
Arge Teactor waX, Mobil rescter wax asnd distilled water, to study the
effart of 1lquid medivt on Lhe average gas hold-up.
E.1. Operating -Proeedure

The éveragf gas hold-up was measured by viswal ebsarv%tiuns of the
expanded naight of the dispersion (H} and the statlc ligueld heighz {Hsj,
and its walue was caledlared from

H-H

€ - -;[—5 X 00 (7-13

The first readlng of the expanded height was made 20-30 minures after
the dasized ceolwmn temperalute and gas flow rate were =eached. These
readirgs were repected a minimam of threae times Zor 2 given set of opera-
ting cvonditious, with a 20-30 ainute time interval botwoen twe Succassiva
MeSSUrEnETsE o sisure Ciet the steady slate was achieved. In gensral, for
velpeitiez < .05 nys, tnz readinpgs were 3§ winutes apart; whereas, for

velocities granter tham 0035 wyis,  che readings were 20 minutes apart.  For

) .




gsome experiments, the expanded height did not stabilize during the three
measurements. In these cases, additional measurements were made until . the
expanded height stabilized. This was particularly necessary when foam was
present at the top of the dispersion. After the last measurement for a
given set of conditions the valve below the column was closed and the main
flow of nitrogen'stopped. The static liquid height was measured after all
of the gas disengaged from the dispersion.

The static liquid height was maintained at approximately 2.0 m for
majority of the experiments. ' For experiments conducted in the 0.051 m 1ID
colurn with the 40 pm SMP distributor, static heights as low as 0.6 m were
used in order to contain the foam within the column,

Several runs were made with the same batch of wax. A new batch of wax
was used once the old wax began te turn yellow. APPENDIX A outlines the
guidelines used for wax changes and the procedure used to clean the appara-
tus between runs or between wax changes. The numbering scheme emploved to
distinguish the different runs (see APPENDIX A) reflects the wax batch
number and the run number with a given batch of wax. A summary of the
different runs and operating conditions is also included in APPENDIX A.

B.2. RBeproducibility and Effect of Operatine Procedure

The reproducibility of average gas hold-up measurements with the FT-
300 - nitrogen system is significantly affected by the operating procedure
employed, and to some extent by the age of the wax or the time on stream
for a given batch of wax. Experiments were conducted in the 0.051 m ID and
0.2292 m ID glass columns to investigate the magnitude of these effects. The
1.85 mm and 4 mm orifice plate, and a 40 um sintered metal plate (SMP)

distributors were used in the 0.051 m ID column, whereas the 19 X 1.85 mm
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perforased clats dietribatay was used in the 0,290 w L column. The discus-
sion below ‘= bzsed om rosults frem & runms with ihe SMF distributoer, £ Funs
with the &4 mpo distribuler, znd 17 runs with  the 1.35 mn dlssriburcr
conduccad i the 1.Ual m 10 selumn at 265370, I addiziom, | & rums  were
condverzd wusing the 19 X 1.BS mr discributer at 26570 In the 0.225 mw II
cclumrn. limited mumber of zurne ware made 3< LAD, 200, 230 and 28370 wsing
the varledas gissribuzors in rhe twe columps. The pas weleciny in majevity
of the runs was in Che vange O.U1 Lo b.22 w/s. .
The .major highlight; of These investigations =mve;
. For texpocratures in the range 230-280°7. thers 15 & range @l pas
velcoitlar over wihich =we va_ues of pas hold-up are possille wirk Fo-
308 waw  for all solweas and distribiter types investigetel. In a
system with melten paraffin wax as Ths liguid madiun this type of
wohavinr kag beep obsarvvad for the first time, Thz bismer gss held-
ups £vs agednpanied by the presence of feam, therelure, this mede of
cpera=inm is reflerred to as the "foamy” regiwme. In the ebsencs af
fgar, “slug fiow' orevalls In the 0.051 n TR coluarn, whercas ilow in
the 0.2%3 w ID cclumg is in che "churn-turbulent” regime. A% low gas
velpoicies {uE < 0.0 sy, wher foan Is nef present, che "homoganedocs
husbling” vegime prevails.
s The starc-ap procesure deterslnes whiﬁh Tlow regims will be attalned,
with ircreasing order of gas velocizies fovoring the "framy™ regioe. A
<rsneition from e “foamy® to the Tslug flew® ar  “churn-turiulent”

repimn oocurs whet 4 exgezds a certain eriticsl walus, =znd the tram-
I
ot

sition ta  the "fosry" regime cocurs vhon uE drans bpelow A perblain
priticsl welue.  Sinca the Lwo critical wvelocitiss are different, =

o

S0




hysteresis loop is created.

¢ When multiple‘runs, under similar conditions, are conducted with a
giveﬁ batch of wax, hold-up in the "foamy" regime increases with age
of the wax, which might be caused by the breazkdown of FT-300 wax when
subjected to high temperatures for a significant length of time. Thus,
foaming occurs over an extended range of velocities for older wax
compared to fresh wax and there is a corresponding change in the-
velocity at which the transition from the "foamy" regime to the “slug-
flow™ or "churn-turbulent" regime occurs.

. Long term stabiliry stuéies reveal large variations in hold-up with
time in the “foamy" regime, and relatively low variations in_ the
absence of foam. This causes problems with reproducibility of hold-up
measurements in the pressnce of foam.

. Reactor waxes do mot show hysteresis behavior and there is no signifi-
cant effect of operating procedure.

B.2a., Effect of Start-up Procedure

.Figure V-10 illustrates a typical example of hysteresis behavior with
FT-300 wax at 265°C in the 0.051 m ID column using the 1.85 mm orifice
plate distributor. When increasing order of gas velocities were exployved
(epen symbols), the gas hold-up increased rapidly in the wvelocity range
0.01-0.03 m/s largely due to the presence of a foam layer at the top of the
gas-liquid dispersion. The foam breakup, accompanied by a substantial
decrease in the gas hold-up, occurred whén the velocity was inecreased from
0.03 m/s to 0.04 m/s. This breakup may be attributed éo the presence of

rising slugs. Upon further increasing the gas velocity, foam was 1ot
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In a run conducted using

observed and the zas held-up increased gracually,
decreasing order ol wzlocities (zolid svebels), nearly the gzme hold-ups
were opbtainad for

run with increasing erder of welocities)

ras in  the
veiloolties in the.ranga 0.04-0.12 m/s. Howsver, during this run foaming did
1noT take place zven art Low ES5 volasities (U 01-D.053 /5. Tn & systen with

has basg

wax as “he liguid medluc this tvpe of ochavior

meiten porTaifin
cperation where fozm is presenz will be referred to as the

Jhis

ooserved for Sirst cime.
Ir thizs r2zime = stable layer of foam exiscs on the Lop of
Visugs] observeriopns of

The rode of

"foamy" repine.
Liquid lewvsl, giwving cise te higher faeld-ups
Zlow figle show tle pressnce of sluge or slug typsz bubbles at wveloei-
Under these cunﬂitinns: f o foam  is

Chs
et
groater than abagt 3,03 nfs,
Progeat,  the ncde  of oserarion will be referred to as  the "slug flow”
distribution,

-ies
TerElue. AL lewer pas walceiciesz (u < o, 072 m/s}, when foam is nos present,
"hunogereous

indicate an almosl wuniferm bubble =izs
e

visual " whsarvations
indicating that ©9e flow Tight Ze in the tramsition or
regimes,
runs conducted in the tomparaturs  range  230-7807C
hold-up  walues. Howawar, the

bubbling®

LT genzzal, all

fith reszect to the
for runs conducted using dacyeasing

wad NoC AiWays tie same 25 Lhes shows in Figuve - 10,
fracsition

evhibitedéd hystarssgis
warlation of gas hold-up wich veloeizy,
oTder o wvelpzicies,
there were instances when feam alsno apresred in thesz runs and &
frzm tRe “slug Dlow™ o the "foamy' regime  gocurzed. Hevertieleszs, rhs
veroelty at whlen tnls tresnsitior acsurred was alizve lowsr thsr the -velo-
. city &t which the tracsi:lon from the 'foamy” to —he "sTug Flaw”  repine
woeh Incteasing orcer of velacities weve vipilayed.  Flgure w-132
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shows an example of a run in which foam reappeared w%en gas velocity was
changed from 0.05 m/s to 0.03 m/s, when décreasing order of velocities were
used. Measurements made using the 4 mm orifice plate distributor in the
0.051 m ID column, under similar conditions, showed behavior which is
gualitatively similar to that for the 1.85 mm orifice plate distributer in
the temperature range 230-280°C,

Figure V-iQ shows the effect of operating procedure on a§erage gas
hold-up for runs conducted using the 40 um sintered metal plate (SMP)
distributor at 265°C. When the run was conducted using iﬁcreasing order of
velocities (open symbols), the average gas hold-up increased rapidly in the
velocity range 0.01-0.02 m/s as foam filled the entire column. The gas
hold-up remained fairly constant in the veloeity range 0.02-0.09 m/s;
however, wupon further increasing the gas velocity to ¢.12 m/s tbe hold-up
decreased significantly. This transition from the "foamy" regime to the
"slug flow".regime is not complete and it is possible that a lower hold-up
would be obtained at-0.12 m/s by extending the duration of run at this
velocity. For the run conducted using decreasing order of velocities (solid
symbols), with a start-up velocity of 0.12 m/s, foam did not appear until
the gas velocity wa; decreased .to 0.04 m/s, when a sudden increase in hold-
up was observéd. The hold-up jalues in the velocity range 0.04 m/s to 0.01
m/s are very similar to those obtained using increasing order of wveloci-
ties. These results are qualitatively similar to those observed with the
1.85 mm distributor.

Figure .V-13 shows results from a run conducted in the 0.229 m 1ID
" column with FT-300 wex at 265°C using a 19 X 1.85 mm perforated plate

distributor. In this run increasing order of velocities were followaed by
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Figure V-12. Effect of start-up pracedure and superficiat gas velocity on gas hold-up
{open symbols - Run 5.1 - indicate a start-up velocity of G.01 mys, soiid symbols -
Run 5-Z - indizate a start-up velocity of 0.12 m/s)
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decrezasing order of wvelpcitjes “nm the same run, These results once agaln
illustrate =he existence of two wvalues of gas hold-up in the velaolty range

0,02.2.05 =%

w.th higher hold-up prodaced using Lncreasing order of
welocities (oden symbols).  The hold-up walues in the azzence of foan are
sorewaat  Tipgher for incrzasing order of velocities compa;ed to decTeasing
order of wveleoclties in ths veloelty range C.05-0.13 mss. Theée differences
can he exslained in terms of betiter mixicg of the warisus esurfszce aztive
‘mpurities imte che disperelon with cime elapsed, therelore, bold-up values
iz=er on in che run (wher wmizing is better) are lower than carlier in the
run. Visual sbsesvarisns of the dispersien, in “hs absence of Josm, showad
rtense mwiming ard the flow appears %c ba iz the "churn:turbulent" Zlow

regime. This Is uvrnlile the 0052 m ID eolumn, where "slug flow" exisis In

i

the gbsenez of foem. In ganeral, hysteresis cffects were not as pronouncsd
and reproducibilisy was mach hacter $n the 0,279 ® TH colmm as compared tn
thé-G.DSl m IR goluan,

Srufdies were alma comducted with reacter wares Lo order te investipate
the zsffact of operating procedure ocn the average f22 held-up. Resules frem
these studies (gee Section V-B.7.) show that reprsducibility of holé-up
walues ise signifi;antly better wlth reactor waxes than with FI-300, sleo,
the operaticg procedurs does not appsar to have an =ffect on the everasge
gas noid-up wvalues and the hvsteresis type of behzvier wes not observad,

The orly ksewn caze of foam brealon f0 licevaruvrs with a wax a3 the

liquid medioml was renorted by Farley snd Ray (1964a). Thair stadies. using
the Krupo wax as thz liguid madiam in a 0.235 o ID teactob,  shewed that a
transitisn from the “foamy" to the "chuzn-turbulent” rezime <took place

within an howr o Incressing the superiisial gas weloeity from 0,03 =2 to o7




0.06 m/s.

A theoretical basis for the existence of two values of the gas hold-up
for a pgiven set of operating‘conditions_was- established earlier (e.g.
Wallis, p.92, 1969, Riquarts, 1979), however, experimental evidence demon;
strating this type Gf Eehavior is rather scarce. In studies by Anderson and
Quinn (1970) and Maruyama et al. (1981} with the air/tap water system the
hysteresis type of behavior was observed. The "foamy" regime, in both
studies, was. obtained in experiments conducted using increasing order of
velocities. 'A pdssible explanation for the breakup of foam and for the
effect of starf-up procedure on foaming was given by Anderson and Quinn and
could be extended to explain the similar behavior of FT-300 wax. They
postulated that at léw gas velocities surface-active impurities, which act
as coalescence promoters, .diffuse gradually ané accumulate at the top of
the dispersion. However, once their concentration exceeds a critical jevel
rapid coalescence takes place resulting in the formation of slugs. Once the
slugs are formed at the top of the column, the impurities are dispersed
back into the bulk of the liquid through intensive mixing and ﬁurbulence
which accompanles slug formation. This in turn causes the slugs (large
bubbles) to form at lower heights in the dispersiﬁn, thus preventing
foaming. Similarly, when a run is started at é high velecity (decreasing
order of velocities), the impurities are thoroughly dispersed throughout
the column hampering the formation of foam even when velocities are suffi-
ciently low. However, in some instances (e.g. the run using decreasing
order of wvelocities in Figure V-11) the concentration gradients become
steeper as the ilmpurities begin tc accumulate at the top, “leading to the

development of foam after some time. This theory could also be used to
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offer & wmeossible explanation for the higher hold-ups obtained 1n the
Nehurm-turbelart'  regime when increasirpg order of velecities weré used
compared to tnoss ootained for decreasing order of velo¢itiés in the 0.22%
o ID zo_umn (Figuze ¥-13). Once the fosm breke in this rum, the lmpuritles
began to =iz into the bulﬁ of the disporsion, however, this 1= not an
itctantanecus proeass, and it is possible that a sceady state was ot
resched wher the inereasing order of veloeoities were beling used. Therefore
hold-uo values wers slightly higher with increasing order of walogitles
{sarlizr in the run - gherier mixing time) compaved to values with
decreasing vrder of weliccities {latar in the vun - longer mixing time). The
betﬁar verroducibilicy in the 0.22% m ID column. compared to the 0,031 m ID
“ealtag eould be atbrikuted ce the better mixing of swurface active agents in
“the larper column.
B.2t. Effsct of Yax Asinz
Fipures V-14 and ¥-15 {llustrate the effect cf the aging of wax on the
sverape 225 hold-up in the T.051 m ID end the 0.228 m® 1D coluwms,
respectively. It woth caces, <he effect of aging primarily =ffects hold-up
vaives Lo the 'fearv" regime, For tne 4.051 m ID columr results from three
runs  conducted using the same bateh of wax are presenved in Figure V-14,
For selatively fresh wax the hold up velucs (indicoted by clrcles In Flgure
W-14) Qhuw v foaming fo2r the ranpge af sunevficial pgae veloaities amplay%d
(0L, 02-0.1% msgl, however, for & laver run witk the same batch of wax
{indiceted by triengles) feam sppearsd in the veloeiry range 4.02-0.03 m/s
=t hrore as ":e‘]_ncit}' wrs Inntesased to 0048 ‘:;llfb. This pa.rt'i_cula.r run Was
stopned once the fosm broka, £ run ecowndaetad afier furthar gging of The wax

(imciesniel Dy sguoresd resaited in fosm belrg produced cwer a  relatively
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larger wvelocity range (0.02-0.04 m/s) and a corresponding delay in the
breakége of foam (at 0.05 m/s compared to 0.04 m/s) was observed. The hold-
up values in the absence of foam (ug greater than 0.04 m/s) are essentiall&
similar for the different runs. Results from two runs in the 0.229 m ID
column (Figure V-1J) are qualitatively similar to those from the 0.051 m ID
column. The older wax once again showed foaming over a prolonged range of
gas velocities, thus delaying the breakage of foam until 0.03-0.04 m/s
compared to 0.02 m/s for the fresher wax. Hold-up values in the absence of
foam are once again similar for the two runs. The effect of wax aging .was
similar for all runs irrespective of column diameter aﬁd distfibutor type.

B.2¢. Historv Efferts

Results from the run made in the 0.229 m ID column, presented in
Figure V-13, show history effects. The consistentlf lower hold-up values,
in the absencé‘of foam, for decreasing order of velocities were a direct
coﬁsequence of the history of the run as discussed previously. Figure V-16
compares results from two runs conducted with different operating proce-
dures. The two runs were made one after the other with the éame bateh of
wax, thus minimizing the effect of wax aging. When a start-up velocity of
0.01 m/s was used, hold-up values were as expected, showing a "foamy"
regime followed by a transitien to the "slug flow" regime {open circles).
Howeﬁer, when an odd order of velocities was used (solid circles), with a
start-up velocity of 0.09 m/s, hold-up increases as velocity is increased
to 0.17 m/s (noc foam was present). The gas hold-up values are consistently
higher than in the previous run. Upon decreasing the velocity the .same
curve 1s followed up to 0.09 m/s, but at lower gas velocitiés'the- hold-up

starts increasing and passes through a maximum at about 0.06 m/s (eg -
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29%), and then decreases, coinciding with the value from the purely
increasing velocity curve at 0.03 m/s. When velocity was further increased
from 0.03 to 0.17 m/s, the transition from the "foamy" to the "slug flow"
regime did not take place. It appears that the history of the run, with
respect to gas velocities, has an effect on hold-up values. This is not
typical of the results obtained from the various runs and the reasons for
this kind of behavior are not clear. This experiment illustrates the diffi-
culties in obtaining reproducible results with a system that has a tendency

to produce foam.

B.2d. Long Term Stability Studies

The long term stability runs were conducted with a2 run time of 4 hours
per velocity wusing the 1.85 mm orifice platé distributor at 265°C in the
0.051 m 1ID column. The wax was drained to the storage tank after each
velocity, therefore, it is expected that these results are independent of
the 'operating procedure. Hold-up was measured every 15 minutes during the
first hour and every 30 minutes during the subsequent 3 hours. Results from
this study are presented In Figure V-17 (indicated by open circles). The
vertical bars at each velocity indicate the range in ‘which the held-up
values waried at that particular velocity. The open circles indicate an
average of the eight hold-up values for each velocity. These results illus-
trate the large variabilitf in hold-up values in the “foamy" regime, indi-
cating problems with reproducibility of results in this regime. The varia-
.bility in the "slug flow" regime is much smaller. These results also lend
further support to the theory postulated by Anderson and Quinn. At low
velocities, which are not conducive to mixing (0.01-0.04 m/s), the build-up

of steep pradients of the surface active impurities occurs over a period of
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time and therefore, Zfoaming is cobserved at these velocities. However, for
velocities greater than 0.04 m/s, mixing is much improved and the
impurities are uniformly distributed in the bulk of the liquid, preventing
foaming and resulting in lower hold-up values. Therefore, even though these
results are independent of start-up velocity, the behavior is similar to
that observed with increasing order of velocities,

In the run discussed above, the age of wax increased with velocity,
since the first set of data were ob;ained at 0.0L m/s {fresh wex), and
velocity was progressively increased up to 0.12 m/s (cldest  wax).
Additional runs were therefore conducted to isolate the effect due to tge
aging of wax. Results from these runs are indicated by triangles in Figure
V-17. The duration per velocity and the frequency of hold-up measufsments
were the same as in the previous run. Héwever, fér thié case wax was
relatively fresh at 0.12 m/s and it aged as gas velocity was progressively
lowered. As expected, hold-up values for this run were substantially lower
in the rénge of velocities inve;tigated (0.07-0.12 m/s), lending further
support te the effect of wax aging.

Figure V-17 also shows average values for gas hold-up measurements
from several runs conducted &t 265°C in the 2.051 m ID columﬁ using
Increasing/decreasing order of velocities. These values were obtaingd
using hold-up values from a total of eight runs conducted using increasing
order of welocities and a total of four runs conducted using decreaging-
order of <wvelocities. The average values (curves 1 and 2) for both the
“foamy" and “slug flow" regimes are presented. These results show that the
"foamy" regime could be maintained only up tc 0.05 m/s. Results from long-

term stability runs, after accounting for wax aging, are in good agreement
]
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with the averape ~elue ¢urves,

The above imvestigations indlicare itha, (twe repoeducibilicy of hold-op
EIWEs I & systew Whloh has a capacity o foam, 15 dependens on & SEMR.gR
interaction belween s ouber of factors. Scwe s cheses Zactors, sush as tha
cperating procedurs, oan he ctmrrelled independently. Vhereas, cffzots duas
o e oagirp of wex, aci the amomunt of foam  produced, ave oot as
predistasle.  Jur  gtudy ehows that it 18 poesible to sliminate foaning by

asing, & relasively Righ starv-up welazitcy.

B.3. Effect of Texperatute

The effecl of Zempersamore omogas Meld-uap was dovestigat=sd for tenpera-
cares  bameeen L&D snd 284070, Euperliments were done I “he 0,031 @ ID and
the ML E22% m ID glass coluzms using ST-300 waw, Thé afy pm 54 and 1. 83 m=
orifice plate distributors were vzed in She 0,031 1 ID colusin, whereas the
oA Lmm, 1Y X L amend the 17 ¥ 1.83 mn perforatad plete distribuiocrs wers
enplaved in the 2229 m I2 colupn, Reselte from these experiments can  be
surmarizad a5 feliows:

. Ty e "[oany” r2gluwe, a0 inczesse in wemperziure ie arcompanied with

afl increase in foam, and thus hirher bold-up wveluss.

» . In the atseace of foam, hnold-upe showed a wmarginel dacreas: with a
dacrease in LempeCaACUre.
» It srasz ._:.r.:ssii*_'-"_e- —n s&veid IU':I.:I'.].:'IE. 'IJ}-' cpE:'aLina at sefiicientiv leow

SEOTRTATUYLE (&, . LEQ‘G with the 1.8Z2 mo arifica plate disveibuerer in
the 0,071 o 20 <clurn cr at L7070 with the 5 X 1 o perforated plate
Gisocitmalor inoths G279 o TR onlumnd .

Rrevltsr  from verme with FT-300 wan in the 00351 = LD oolume uvsing  —he

Z. 3% am orifice pléte disTributor at foar differemt ozerating feassraia-as




